Serum calcium levels did not differ from controls, but phosphate levels were slightly elevated, consistent with the rapid recovery of lost bone mass. We conclude that the lactation/low-Ca model represents a means to increase intra-cortical remodeling in adult rats with no apparent detrimental effect on matrix maturation. This model will provide researchers with a new tool to study matrix maturation throughout the cortex.
Introduction
Cortical bone makes up nearly 80% of the total skeletal mass and contributes significantly to the mechanical strength of long bones. Lifelong maintenance of cortical bone mechanical competence depends on bone remodeling to replace damaged and aged tissue. Bone remodeling is a coupled process initiated when osteoclasts remove old or damaged tissue. Resorption is followed by osteoblastmediated production of osteoid, which gradually matures, a process most easily identified by examining mineralization. How the newly formed cortical bone matrix matures in the adult has received little attention partly because rodents, the most commonly used animal model in bone research, are frequently noted to have minimal intra-cortical remodeling [1, 2] .
Scientists lack a versatile and easily manipulated small animal model in which bone matrix maturation during cortical remodeling can be studied. However, previous experiments have pointed to potential models, including feeding rats a low-calcium diet during lactation and examining the bones of the dams [3, 4] . Early characterization of the low Abstract Matrix maturation within cortical bone is an important but oft-neglected component of bone remodeling because of the lack of a suitable small animal model. Intracortical remodeling can be induced in rodents by feeding virgin or lactating animals a low-calcium diet. The current study aimed to determine which of these two models is most suitable for studying intra-cortical matrix maturation. We compared intra-cortical remodeling in female rats fed a normal calcium diet (virgin/normal Ca), a low-calcium diet (virgin/low Ca), or a low-calcium diet during lactation (lactation/low Ca). The low-calcium diet was administered for 23 days (induction phase) followed by return to normal calcium for 30 days (recovery phase). At the end of induction, the virgin/normal Ca and virgin/low-Ca animals had no difference in cortical porosity, but the lactation/low-Ca animals had elevated cortical porosity at various diaphyseal sites in the femur and tibia. The distal femoral site had the greatest amount of induced porosity in the size range of rat secondary osteons. Neither global mineralization nor tissue age-specific mineral-to-matrix ratio in the bone formed during recovery were affected in the lactation/low-Ca rats.
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calcium during lactation model highlighted the increase in cortical porosity [3] . Following weaning and return of the dams to a normal calcium diet, the animals begin to recover lost bone [3] [4] [5] , suggesting an active intra-cortical remodeling process. Nevertheless, the only mention of matrix maturation in the newly formed tissue is the observation that this tissue is qualitatively less mineralized than tissue from control animals after 3 weeks of recovery [5] . Lowcalcium diet alone has also been reported to increase skeletal remodeling in rats [6] [7] [8] [9] . However, the primary sites of remodeling noted have been limited to the trabecular [10, 11] and endocortical compartments [12] , with very few reports noting an increase in the cortical porosity [8, 9] .
The current study was designed to determine if using a low-calcium diet in virgin or lactating rats is suitable for studying intra-cortical matrix maturation within haversianlike remodeling units. To this end, we examined cortical porosity and matrix mineralization. We hypothesized that the low-calcium diet during lactation would induce intracortical remodeling and that the low-calcium diet alone would induce endocortical remodeling; however, the lowcalcium diet alone would not be a sufficiently high calcium stress to induce intra-cortical remodeling and further that the matrix maturation process would be largely unaffected by the induced elevated remodeling.
Methods
The materials and methods are outlined here with more details provided in the supplementary material.
Study Design
Thirty female Sprague-Dawley rats were purchased from Envigo Labs at 12 weeks of age (Table 1) . 20 of the 30 animals were virgins, while 10 animals were shipped on a timed pregnancy basis and arrived at E15, 6-7 days before parturition. After arrival, all animals were immediately placed on a normal calcium diet (0.6% calcium, 0.4% phosphate, Teklad Diets, TD.97191). The experiment was designed with two phases: induction (23 days) and recovery (30 days). The induction phase was initiated when the pregnant animals assigned to the lactation during low-calcium group (lactation/low Ca) gave birth. At this point, the lactation/low-Ca and the virgin/ low-Ca groups were placed on a low-calcium diet (0.01% calcium, 0.4% phosphate, TD.9507). After the 23-day induction phase, the pups were weaned and a cohort of dams was sacrificed to measure baseline parameters. The remaining animals were placed onto the normal calcium diet for a 30-day recovery phase.
Rat Husbandry
All animals were individually housed under an institutionally approved protocol. Animals were allowed free access to water and food throughout the course of the experiment. Health was assessed daily by monitoring behavior, food intake, and signs of stress. The average litter size was 12 pups per dam, with 8 of the 10 dams delivering litters of more than 12 pups and 2 delivering litters of 6. The day after parturition, the larger litters were reduced to 10 pups per dam, while the two animals that only gave birth to 6 pups were split between the induction and recovery groups to minimize the effects of the small litters. The remaining 8 dams were randomized to either induction or recovery groups, while the 20 virgin controls were randomized to the virgin/normal Ca or virgin/low-Ca groups. Blood samples were taken via tail vein from animals in the recovery endpoint groups at days 2 and 3 of recovery and weekly thereafter until sacrifice.
Fluorochrome injections were given subcutaneously to differentiate bone of known tissue ages. Oxytetracycline hydrochloride (25 mg/kg, Sigma), calcein (25 mg/kg, Sigma), xylenol orange (20 mg/kg, Alfa Aesar), and alizarin red (25 mg/kg, Acros) were injected on days 2, 14, 21, and 26 of the recovery phase, respectively. Animals were sacrificed via CO 2 asphyxiation, and the long bones of the lower limbs (femurs and tibiae) were removed, dissected free of soft tissue, and fixed in 70% ethanol. 
Micro-Computed Tomography (µCT)
µCT scanning was performed using a tube voltage of 70 kVp, current of 57 µA, integration time of 1500 ms, and a voxel size of 2 µm (µCT50, Scanco Medical). Cortical geometry and porosity were assessed at 6 regions of interest (ROIs) consisting of 250 slices in the femur and the tibia (Fig. 1a) . Femoral regions were at 35, 50, and 75% of the total length, while tibial regions were at 25, 50, and 75% of the total length. In addition to the total cortical porosity, pore diameter distributions were used to gate the amount of porosity within specified ranges. Literature values for healthy rat cortical tissue indicate that the diameter of secondary osteons ranges between 30 and 60 µm [13, 14] . Therefore, in addition to comparing the total cortical porosity, the amount of porosity with pore diameters between 30 and 60 µm was also compared across groups.
Sample Preparation
After µCT scanning, femurs were dehydrated in a graded series of alcohol and embedded in an epoxy resin (EpoThin, Buehler). Roughly 1-mm-thick slabs at the distal femoral ROI were cut from the embedded specimens (Isomet 5000, Buehler) and fixed to plastic slides. The slabs were ground to a thickness of roughly 500 µm and polished to a mirror finish (Phoenix 4000, Buehler), using a series of colloidal diamond suspensions (9, 3, and 1 µm average particle size, Metadi, Buehler) with ethylene glycol as a lubricant.
Confocal Microscopy
Distal femoral diaphyseal sections were examined by confocal microscopy (LSM7000, Zeiss). Only the tetracycline and calcein labels were consistently found in intra-cortical sites. The number of intra-cortical remodeling sites with single or double label were counted and normalized to the µCT cortical area values. Although the majority of the intra-cortical remodeling units were in the direction of the long axis of the bone, pores transverse to the cut plane surrounded by fluorochrome labeling were also counted.
Fig. 1 a
Representative twodimensional X-ray images demonstrating the skeletal sites used to characterize cortical porosity in the diaphysis of the femur and tibia. In the femur, the sites were at 35, 50, and 75% of the total length, while in the tibia, the sites were at 25, 50, and 75% of the total length. b Cortical porosity at all 6 skeletal sites at the end of the induction phase (means and standard deviations). The data demonstrate the dramatic increase in cortical porosity induced by the lactation/low-Ca model, but no significant increase in the virgin/low-Ca model compared to virgin/normal Ca. There were significant betweengroup differences at all sites investigated with the exception of the distal tibia (p < 0.001, p = 0.041, and p = 0.031, for the distal, midshaft, and distal femur and p = 0.010, p = 0.013, and p = 0.194, for the proximal, midshaft, and distal tibia, respectively). Bars represent significant between-group differences (p < 0.05 for the post hoc tests)
Fourier Transform Infrared Microspectroscopy (FTIRM)
FTIRM measurements of the mineral-to-matrix ratio were made using fluorochrome labels to differentiate tissue of various ages and to assess the mineralization kinetics as described in detail previously [15] (additional information provided in the supplementary material).
Backscattered Scanning Electron Microscopy (bSEM)
Bone mineral density distributions (BMDD) were assessed using quantitative backscattered scanning electron microscopy (bSEM). Embedded and polished samples used for FTIRM were carbon coated (Crestington) and imaged at 25 keV, a working distance of 19 mm, and a magnification of 150x (Zeiss Sigma HDVP) using techniques previously described elsewhere [16] .
Histology
The sections were further ground and polished to a thickness of 100 µm and examined using polarized light microscopy to identify concentric lamellae (Nikon Eclipse 80i). Cement lines were then stained with toluidine blue [17] and imaged with bright-field imaging.
Calcium and Phosphate Levels
Ionic calcium and phosphate concentrations were measured in serum using commercially available colorimetric assays (Biovision).
Statistical Analysis
Data were assumed to be normally distributed and a significance level of 0.05 was used in all tests.
Determining the Appropriate Model (Virgin/Low Ca or Lactation/Low Ca)
Cortical porosity was examined in the virgin/normal Ca, virgin/low-Ca, and lactation/low-Ca groups at the end of induction at each of the 6 sites examined using one-way analyses of variance (ANOVA), followed by post hoc least significant difference comparisons. The selection criterion used to determine the most appropriate model (virgin/low Ca or lactation/low Ca) was the presence of increased cortical porosity compared to virgin/normal Ca controls.
Identifying the Preferred Skeletal Site
After the most suitable model was determined, the preferred skeletal site was identified by examining the volume of porosity with pore diameters consistent with the size of secondary osteons in rats [13, 14] at each of the six sites sampled by µCT. The site with the highest fraction of induced porosity within the size range of secondary osteons was used for all subsequent investigation.
Assessing Bone Matrix Maturation During Recovery
Once the skeletal site was identified, all statistical analyses of µCT-derived porosity measures and bSEM-derived global mineralization parameters were performed using two-way ANOVAs with group (virgin/normal Ca v. lactation/low Ca) and time (induction v. recovery) as the factors, followed by independent samples post hoc t tests. Tissue age-specific data were also examined at the intra-cortical and endocortical surfaces to assess mineralization kinetics. Only one tissue age was consistently identified in the intracortical compartment so we used an independent samples t test to compare the virgin/normal Ca and lactation/lowCa groups. Three tissue ages were consistently identified at the endocortical surface so we used repeated measures ANOVA (tissue age as the within-subjects factor and group as the between-subjects factor).
Assessing Circulating Ionic Calcium and Phosphate Levels During Recovery
These values were assessed using repeated measures ANOVAs with time as the within-subjects factor and group as the between-subjects factor.
Results
Animals tolerated the lactation and the low-calcium diet without visible signs of stress, and there were no losses during the experiment.
Model Selection
Cortical porosity of the virgin/low-Ca group was not different than the virgin/normal Ca controls at any of the 6 skeletal sites investigated (Fig. 1b) . Therefore, the low-calcium diet alone was determined to be insufficient to induce intracortical remodeling and was excluded from further investigation. The lactation/low-Ca group, on the other hand, had increased cortical porosity at four of the six skeletal sites investigated (Fig. 1b) .
Skeletal Site Selection
The extent of induced porosity varied across the sites investigated, with the proximal femur showing the largest increase in porosity. However, the pores formed in the proximal femur were primarily located within the third trochanter (Supplemental Figs. 1 & 2) and had a median diameter larger than 100 µm, considerably larger than the size of secondary osteons in rats (30-60 µm [13, 14] ). Therefore, the amount of porosity induced within the size range of rat secondary osteons was compared among the sites (Fig. 2) . Of the 4 sites which had differences in porosity, the distal femoral site had the largest absolute amount and the largest fraction of pores consistent with the size of rat secondary osteons (Fig. 2) .
Recovery of Lost Skeletal Mass
After weaning and return to a normal calcium diet, the cortical porosity in the lactation/low-Ca group was not different than the virgin/normal Ca group (Fig. 3) . Post hoc analysis revealed that the distal femoral diaphyseal region was one of 2 sites to show both an increase in porosity at induction and a complete return to control levels after recovery. The tibial midshaft region also had increased cortical porosity at induction and return to normal after recovery, but the cortical porosity measured at the end of recovery was highly variable (Supplemental Table 1 ). Despite the increased cortical porosity in the proximal femoral and proximal tibial diaphyseal regions at the end of induction, the values did not return to control levels (Supplemental Table 1 ). At the end of induction, the lactation/low-Ca diet group had increased medullary area, decreased total, and decreased cortical area at the distal femoral site compared to the virgin/normal Ca controls (Supplemental Table 2 ). All three parameters were back to virgin/normal Ca levels after recovery, except the cortical area, which remained significantly reduced compared to virgin/normal Ca controls. In general, the other 5 skeletal sites showed similar patterns of bone loss and a return to near virgin/normal Ca levels after recovery (Supplemental Table 2 ).
Intra-Cortical Remodeling
Qualitative imaging of the distal femoral sections demonstrate the presence of intra-cortical remodeling units based on the presence of polarized concentric lamellae and stained cement lines surrounding remodeled osteons (Fig. 4) . As identified using the fluorochrome labels, there was an increase in the number of active intra-cortical remodeling events in the lactation/low-Ca animals compared to virgin/normal Ca animals (p = 0.007). Specifically, the virgin/low-Ca animals had an average of 3 events per mm 2 (range 1-5), while the lactation/low Ca had an average of 10 events per mm 2 (range 5-15).
Tissue Mineralization
Tissue mineralization was assessed using FTIRM and bSEM to measure the tissue age-specific mineralization kinetics and the global mineralization levels, respectively. Fluorochrome labels were used to differentiate tissue of known tissue age (Fig. 5) . The intra-cortical remodeling units had only tetracycline and calcein labels, limiting the FTIRM comparison to a single known tissue age (16-28 days). There was no difference in mineralization for this tissue age between the two groups (p = 0.717). All four injected fluorochrome labels were present at the endocortical surface. Therefore, three tissue age-specific measurements of the mineral-to-matrix ratio were made (4-9, 9-16, and 16-28 days). In this compartment, there was no group effect (p = 0.602); however, there was a significant tissue age effect (p = 0.031) and interaction term (p = 0.013). Specifically, the lactation/low-Ca group had reduced mineralto-matrix ratios at tissue ages between 9-16 and 16-28 days compared to the virgin/normal Ca group (Fig. 5 ). Despite these main ANOVA effects, the post hoc betweengroup comparisons for specific tissue ages failed to reach significance. Although there was staining on the periosteal surface in the lactation/low-Ca group, the virgin/normal Ca animals had very limited periosteal labeling (Fig. 5) , and therefore, it was not possible to compare the maturation rates between groups at this surface. There appeared to be more regions of younger bone tissue in the lactation/low-Ca group compared to the virgin/ normal Ca group, as evidenced by the lower grayscale values near the endocortical and periosteal surfaces and surrounding intra-cortical porosity in the bSEM images (Supplemental Fig. 3 ). Despite this qualitative appearance, the mean mineralization and mineralization heterogeneity were not significantly different between the lactation/low-Ca and the virgin/normal Ca groups (Table 2) .
Circulating Calcium and Phosphate Levels
The circulating levels of ionic calcium were not different in the lactation/low-Ca and virgin/normal Ca recovery groups (Fig. 6) . The circulating phosphate levels, however, varied as different as a function of time in the two groups (p = 0.013 for the time-by-group interaction term). Specifically, the phosphate levels were elevated at days 2 and 7 post-weaning in the lactation/low-Ca group compared to the virgin/normal Ca group. Overall, the group (p = 0.002) and time (p < 0.001) effects were also significant.
Discussion
The current study sought to evaluate two potential rat models of induced intra-cortical remodeling (virgin/low Ca v. low calcium during lactation) in terms of the induced cortical porosity and bone matrix maturation following return to a normal calcium diet. The low-calcium diet alone did not cause a significant increase in cortical porosity and was, therefore, excluded from consideration as a model and from additional analysis. Administering a low-calcium diet during lactation triggered a substantial increase in cortical porosity throughout the femur and tibia. Of the sites with increased cortical porosity at the end of the induction phase, the distal femoral diaphysis demonstrated the largest increase in porosity consistent with the size of secondary osteons in rats [13, 14] . The porosity returned to baseline levels at the end of the recovery period, implying that intra-cortical resorption during induction was followed by formation during recovery. This interpretation is consistent with the threefold increase in the number of intra-cortical remodeling units in the lactation/low-Ca group compared to the virgin/normal Ca group and the presence of remodeling sites with cement lines and polarized lamellae. The degree of mineralization in tissue of the same age did not differ in the lactation/low Ca and the virgin/normal Ca groups during the earliest time point measured. Although there was evidence of slight secondary mineralization rate reduction endocortically, the specific comparison between Fig. 4 Example of secondary osteons in a lactation/low-Ca rat at the end of the recovery phase. The images are from transverse sections taken at the distal femoral site. a Toluidine blue-stained image showing cement lines and remnant calcified cartilage within the cortex and b matched polarized light images of concentric lamellae. Arrowheads point to secondary osteons within the field of view matrix of the same tissue age were not significant, suggesting that the experimental manipulation did not dramatically alter the matrix maturation process. Therefore, the combination of lactation with a low-calcium diet induces haversian-like remodeling process in the rat. This model should prove useful for studies of intra-cortical matrix maturation in the adult skeleton.
Bone matrix maturation is an important determinant of the mechanical competence of the skeleton. Variations in the organic and inorganic phases of bone matrix affect material properties such as strength, modulus, and toughness. These properties, in combination with the spatial distribution of the matrix determine the strength, stiffness, and energy-to-failure of bone as a tissue and Representative confocal microscopy images demonstrating the presence of fluorochrome labels in the endocortical and intracortical compartments of both virgin/normal Ca and lactation/low-Ca groups. The virgin/normal Ca controls lacked fluorochrome labels in the periosteal compartment. Oxytetracycline (labeled 'T' in the images) was given on day 2; calcein ('C') was given on day 14; xylenol orange ('X') was given on day 21; and alizarin ('A') was given on day 26 of the recovery phase. (Bottom) Degree of mineralization (mineral-to-matrix ratio) plotted as a function of tissue age and compartment. Data are presented as the means and standard deviations. There was not a significant difference between groups in the intracortical compartment. Endocortically, the two-way ANOVA indicated a significant tissue age effect (p = 0.031) and a significant interaction term (p = 0.013), with no significant group effect (p = 0.602) organ. Bone matrix maturation can be characterized by studying mineralization of the newly formed osteoid, a process controlled by extra-cellular proteins expressed by osteoblasts and osteocytes [18, 19] . Primary mineralization occurs within days and results in the tissue achieving ~50-70% of its maximal mineralization level, while secondary mineralization occurs on a time scale of weeks to months or even years [20] [21] [22] [23] [24] [25] .
Our primary goal in the current study was to establish a rat model for the study of intra-cortical matrix maturation during haversian remodeling. Direct comparison of the mineral-to-matrix ratio at matched tissue ages suggests that the lactation/low-Ca model did not impact primary intra-cortical matrix maturation, although remodeling was significantly elevated. Despite the injection of four fluorochrome labels during the recovery period, only two were present within the intra-cortical remodeling units, limiting the intra-cortical maturation measurement to a single tissue age. The lack of xylenol orange and alizarin (injected 21 and 26 days into the recovery phase, respectively) suggests that the induced cortical porosity infilled within the first 3 weeks of weaning and return of the dams to a normal calcium diet. Future experiments will need to use an alternate fluorochrome injection schedule to more completely assess mineralization over both primary and secondary phases.
In addition to inducing intra-cortical remodeling, feeding lactating rats with a low-Ca diet induced remodeling in the endocortical compartment. Although the lactation/ low-Ca group had fluorochrome labeling on the periosteal surface, suggesting periosteal remodeling as well, the virgin/normal Ca controls lacked periosteal labels and, therefore, it was not possible to compare the mineral-to-matrix ratio between groups at this surface. The lack of periosteal labeling in the virgin controls is likely because the animals were relatively skeletal mature at the time of the first fluorochrome injection (~16 weeks of age), limiting the amount of bone formation at the periosteal surface. This interpretation is consistent with the lack of difference in µCT-derived total area, a measurement of the periosteal surface, at the distal femoral diaphysis in the virgin/normal calcium controls at induction and recovery. At the endocortical surface, our data suggest that primary mineralization was not affected in the lactation/low-Ca group. Specifically, at the earliest tissue age studied (4-9 days), there were no differences in the mineral-to-matrix ratio between the virgin/ normal Ca and the lactation/low-Ca groups. However, there was evidence of delayed secondary mineralization in the lactation/low-Ca group, as evidenced by a significant tissue age effect and interaction term, primarily attributed to lower mineral-to-matrix ratio at tissue ages greater than 9 days in the lactation/low-Ca group. This delay in the endocortical compartment may be related to the rapid bone formation rates following weaning [26, 27] , as we recently demonstrated that the rapid bone formation in mice following intermittent parathyroid treatment reduced the tissue age-matched mineral-to-matrix ratio [28] . Despite this slowed secondary mineralization, the bone mineral density distribution, a global measurement impacted by the remodeling rate and the mineralization kinetics [29] , was not different between groups at the end of recovery. The bone mineral density distribution measurement includes the entire cortical cross-section and, thus, is a composite of remodeling and non-remodeling tissue, presumably leading to a less sensitive measure than the tissue age-specific measurements.
The process of matrix maturation is inherently difficult to study in adult animals. Indeed, most studies investigating matrix maturation have concentrated on the periosteal surface of the long bones of growing animals [30, 31] and animals treated with pharmacological agents [32] . Direct studies of matrix maturation in the adult skeleton are rare [15, 25, 33] . However, the present study shows that the lactation/low-Ca model can be used to study bone maturation throughout the cortical compartment, including intra-cortically. The extensive quantity of tissue undergoing maturation will allow for mechanistic studies into the process of intra-cortical matrix maturation. Further, by having welldefined periods of resorption and formation (the induction and recovery phases, respectively), researchers will now be able to use the lactation/low-Ca model to determine the effects of pharmacological or mechanical agents on matrix maturation independent of the effects of these agents on bone resorption.
Although this is the first study to characterize bone matrix maturation in the lactation/low-Ca model, several groups have used this model in both rats and mice to investigate the dynamics of bone remodeling [3] [4] [5] [34] [35] [36] [37] [38] [39] . The model was originally reported by Ellinger et al. [4] and Ruth [3] in the early 1950s. The authors in these early studies noted the remarkable bone loss induced in the lactation/ low Ca, followed by recovery to near baseline bone mass when the animals were returned to a normal calcium diet after weaning. Ruth [3] was the first to note the presence of haversian-like systems following recovery, a finding that was later confirmed by de Winter et al. [5] . We similarly note the presence of haverisan-like systems. Using a combination of fluorochrome labeling, cement line staining, and polarized light microscopy, we conclude that the lactation/ low rat calcium model has elevated intra-cortical remodeling and a greater number of secondary osteons. Further, although several authors have reported increase bone formation rates following weaning, limited data existed on the matrix-level recovery of the bone formed post-lactation. In the current study, we determined that primary mineralization is not affected by the combination of a low-calcium diet during lactation and despite evidence of a slowed secondary mineralization, the global mineralization level is comparable to virgin/controls by the end of a 30-day recovery process.
We were somewhat surprised that the virgin animals fed a normal calcium diet showed signs of active intra-cortical remodeling, albeit at a much lower incidence than lactating rats fed a low-calcium diet. Thus, the commonly held viewpoint that rodents do not remodel intra-cortically should be re-evaluated. It seems more accurate to state that rodents do not normally have extensive intra-cortical remodeling and that this process can be stimulated [2] .
Aberrant mineral metabolism has been shown to impact the mineralization process. Indeed, calcium [6, 40] and phosphate [41] deficiency can lead to reduced bone mineral content. To determine if mineral metabolism was normal during the recovery phase, we studied the circulating levels of ionic calcium and phosphate. Our findings show that ionic calcium levels remain unchanged compared to controls and were well within the physiological range of adult rats [42] . Although previous studies have reported reduced calcium levels at weaning in lactating animals on a lowcalcium diet [35] , those findings were based on assessment of the total calcium content and not ionic calcium, which was measured in the current study. Phosphate levels were slightly elevated in the lactation/low-Ca group early in the recovery phase, likely due to the increased bone formation because phosphate levels are known to be elevated during periods of rapid bone growth [43] .
The low-calcium diet alone did not induce increased cortical porosity during the 23-day induction period. Although these results seem contrary to previously published studies, it is worth noting that the animals in this experiment were relatively skeletally mature (12 weeks of age) by the time of dietary manipulation, while previous studies that noted increased porosity tend to use young rats [9, 12] . A similar study in aged rats did not show increased porosity in response to 6 weeks of dietary manipulation [44] . In the current study, our goal was to find a practical model to induce intra-cortical remodeling; therefore, we matched the length of calcium deprivation to the lactation period in the lactation/low-Ca group. While it is possible that increasing the length of calcium deprivation in the absence of lactation may eventually lead to increased cortical porosity, the long period of induction and possible variable time of appearance of intra-cortical porosity would render the model less useful for experimental manipulation than the lactation/low-Ca model.
The study had a few limitations that will need to be addressed in subsequent follow-up experiments. The fluorochrome labeling strategy likely only captured the secondary mineralization process, as the first mineral-to-matrix measurement made in the endocortical compartment was over 90% of the oldest tissue measured. Further, as noted above, we were only able to make a single tissue age-specific matrix measurement in the intra-cortical compartment due to the rapid pace of infilling. Although we report that circulating calcium levels during recovery were not different than virgin controls, future studies will seek to understand how the hormones regulating mineral metabolism are impacted.
In conclusion, we demonstrate the utility of the lactation/low-Ca model as a means to study intra-cortical bone matrix maturation during haversian-like remodeling in the adult rat. As the combination of lactation and low calcium increases cortical remodeling throughout cortical bone, including intra-cortically, and has no impact on early mineralization, this model represents a means to study matrix maturation during remodeling and should prove useful in developing an improved understanding of this important process.
